A central concept in neuroscience is that the CNS signals the sensory discrepancy between the predicted and actual sensory consequences of action. It has been proposed that the cerebellum and parietal cortex are involved in this process. A discrepancy will trigger preprogrammed corrective responses and update the engaged sensorimotor memories. Here we use functional magnetic resonance imaging with an event-related design to investigate the neuronal correlates of such discrepancies. Healthy adults repeatedly lifted an object between their right index fingers and thumbs, and on some lifting trials, the weight of the object was unpredictably changed between light (230 g) and heavy (830 g). Regardless of whether the weight was heavier or lighter than predicted, activity was found in the right inferior parietal cortex (supramarginal gyrus). This suggests that this region is involved in the comparison of the predicted and actual sensory input and the updating of the sensorimotor memories. When the object was lighter or heavier than predicted, two different types of preprogrammed force corrections occurred. There was a slow force increase when the weight of the object was heavier than predicted. This corrective response was associated with activity in the left primary motor and somatosensory cortices. The fast termination of the excessive force when the object was lighter than predicted activated the right cerebellum. These findings show how the parietal cortex, cerebellum, and motor cortex are involved in the signaling of the discrepancy between predicated and actual sensory feedback and the associated corrective mechanisms.
Introduction
The human ability to manipulate objects relies on predictive control mechanisms that parametrically adapt the force motor commands to the relevant physical properties of the target object (Johansson, 1998) . These physical properties are stored as sensorimotor memories and are acquired during previous manipulatory experience (Johansson and Cole, 1992) . However, in everyday life, object properties may be unpredictable because they can change without our knowledge. When the weight of a lifted object is unpredictably changed, the applied finger tip forces will either be too large or too small (Johansson and Westling, 1988) , and the afferent sensory information will deviate from the centrally predicted outcome. Detection of such a mismatch triggers fastpreprogrammed patterns of corrective responses along with an update of the relevant sensorimotor memories used for the predictive control (Johansson and Westling, 1988) .
The present study was designed to reveal central neural activities associated with unpredictable weight changes in a lifting task and the neural circuits involved in the fast corrective responses triggered in lifts after the unpredicted weight changes. We registered brain activity in healthy subjects associated with individual lifts using functional magnetic resonance imaging (fMRI). By comparing the brain activity from trials performed with a heavy weight, but programmed for a lighter weight, with trials that were adequately programmed for the heavy weight, we could elucidate the neural substrates responsible for the slow, discontinuous increases in fingertip force that occur after the initial program for the light weight has failed to lift the object (Johansson and Westling, 1988; Gordon et al., 1991 Gordon et al., , 1993 . Likewise, by comparing the brain activity in trials performed with a light weight, but programmed for a heavier weight, with trials that were adequately programmed for a light weight, we could elucidate the neural substrates responsible for the abrupt termination of the fingertip force that occurs after the premature lift off (Johansson and Westling, 1988) . We hypothesized that the primary sensorimotor cortex and the cerebellum would be involved in these corrective mechanisms because they receive strong somatosen-sory input from the fingertips and control hand muscle activity (Picard and Smith, 1992; Maier et al., 1993; Dettmers et al., 1995; Lemon et al., 1998; Monzee and Smith, 2004) Brain areas that were activated during the unpredictable weight changes, regardless of whether the weight is heavier or lighter, would likely represent neural circuits involved in the mismatch detection between the predicted and actual sensory information and the subsequent updating of the sensorimotor memories (Johansson, 1998; Wolpert and Ghahramani, 2000) . Based on previous studies, we hypothesized that the cerebellum (Doya, 1999; Kawato, 1999; Blakemore et al., 2001) , and frontal and parietal areas associated with object manipulation (Schmitz et al., 2005) , would show such increases in synaptic activity.
Materials and Methods

Subjects and experimental procedure
Experiments were conducted on 12 right-handed subjects (mean age, 29 Ϯ 3 years; 7 males and 5 females). All subjects had given their written informed consent, and the study was approved by the Ethical Committee of the Karolinska Hospital. The nonmagnetic-instrumented test object has been described previously (Schmitz et al., 2005) . Briefly, it had two vertical flat parallel contact surfaces that were covered with sandpaper. The experimenter, adding or removing an extra load of 600 g outside of the MR scanner, could easily change the weight of the object. The total weight of the test object could have one of two values, 230 g (light) or 830 g (heavy). The grip force normal to the contact surfaces and the vertical lift force tangential to the grip surface, together with the vertical position of the object, were registered continuously by a fiber optics system.
While lying in the MR scanner, the subjects used the tips of their right index fingers and thumbs in a precision grip to lift the test object a few centimeters above a support and then replace it. The subjects lifted the object 58 times in one run, and each lift was paced by a sound that lasted for 2 s. There was a 5 s pause between each lift when the subjects relaxed their hands. The weight of the object was unpredictably changed 16 times in each series (i.e., after two, three, or four lifts with the same weight). Before scanning, subjects were trained to correctly lift the object. The order of weight changes was varied across subjects and series.
Behavioral analysis
Using a flexible data acquisition and analysis system (SC/ZOOM; Section of Physiology, IMB, Umeå University), the force and position signals (400 samples/s) were sampled. The timing information about the acquisition of each MR image was recorded and stored together with the force and position data, thereby eliminating any timing error when later comparing the behavioral and the imaging data. The reported grip and vertical lift forces refer to the mean value of the corresponding forces at the two grip surfaces. The moment of contact and object liftoff was determined by an off-line inspection of the grip force and vertical position trace.
The load phase was defined for each lifting trial and was calculated as the time period between touch and liftoff. Static grip and lift forces were calculated as the mean forces during the time interval between 0.8 and 1 s after touch when the object was held in the air. The end of this phase was determined by visual inspection and later used as events for brain imaging analysis. The peak rate of grip force increase during the load phase was assessed from the first time derivative of the grip force signal using a Ϯ5 point numerical differentiation (i.e., force rate was calculated within a window of Ϯ12.5 ms). Repeated-measures ANOVAs were used to evaluate the influence of current object weight (230 or 830 g) and the weight of the previous lift (230 or 830 g) on the load phase, static grip force, and the maximum grip force rate during the load phase. The level of probability selected as statistically significant was p Ͻ 0.05. Values reported in the figures for data pooled across trials for all subjects refer to means Ϯ SD.
Brain imaging
fMRI was performed on a 1.5 T scanner (Sigma Horizon Echospeed; General Electric Medical Systems, Milwaukee, WI) equipped with a head coil. A plastic bite bar was used to restrict head movements. A highresolution T1-weighted anatomical image volume of the entire brain (3D-SPGR) and functional gradient-echo, echo-planar T2*-weighted images with blood oxygenation level-dependent (BOLD) contrast (field of view, 22 cm; matrix size, 64 ϫ 64; pixel size, 3.4 ϫ 3.4 mm; echo time, 50 ms; flip angle, 90°) were collected. A functional image volume comprised 30 slices of 5.4 mm thickness, which covered the entire brain. Four experimental runs were conducted for each subject. Each run, lasting 408 s [repetition time (TR), 4 s], included a total of 102 functional volumes. Functional image volumes were collected in four separate runs. In each run lasting 408 s, 110 volumes were acquired continuously, with one volume being collected every 4000 ms (TR, 4 s). By jittering the lift events and the acquisition of the MRI scans, an effective temporal resolution of ϳ1 s was achieved. To allow for T1 equilibration effects, six volumes were recorded before each run and were discarded.
Images were processed and analyzed using the Statistical Parametric Mapping software (SPM99; http://www.fil.ion.ucl.ac.uk/spm/; Wellcome Department of Cognitive Neurology, London, UK). The functional images were realigned to correct for head movements, coregistered to each individual anatomical T1-weighted image, and normalized (transformed by nonlinear transformations) to the standard space of the Montreal Neurological Institute. The functional images were spatially smoothed with an 8 mm full-width at half-maximum isotropic Gaussian filter.
Individual subject analysis (level 1). We applied a general linear model using regressors for these events: (1) "Change to lighter," when the object's weight was changed to light after a series of at least two consecutive lifts of a heavy object; (2) "Change to heavier," when the object's weight was changed to heavy after a series of at least two consecutive lifts of a light object; (3) "No change light," when the object's weight was light after a series of at least two consecutive lifts of a light object; and (4) "No change heavy," when the object's weight was heavy after a series of at least two consecutive lifts of a heavy object. The other lifts were modeled as events of no interest. All covariates were convolved by the standard SPM canonical hemodynamic response function. The movement parameters estimated during the realignment preprocessing were included in the model to eliminate movement-related artifacts that could not be corrected by rigid-body realignment.
Parameter estimates and variances were derived for each covariate in a subject-specific fixed-effects model. Our experimental design used a 2 ϫ 2 factorial design with the two factors being change of object (change or no change) and object weight (heavy or light). Thus, we examined the main effect of changing the object and the interaction between change of object and object weight. To locate areas related to the change in object, irrespectively of whether the object was lighter or heavier than predicated, we examined the main effect of changing an object using the fol- 
Random-effect analysis (level 2).
To accommodate for intersubject variability in group analysis, the contrast images from level 1 were entered into a second-level t test, to create an SPM {t}. A one-sample t test was used (11 degrees of freedom). To generate the statistical parametric maps, we used a threshold of p Ͻ 0.001 at each voxel. For the statistical inference, we report clusters of voxels that corresponded to p Ͻ 0.05 after correction for multiple comparisons in the entire brain (Family-WiseError correction). For the left primary sensorimotor cortex (Ϫ36, Ϫ24, 51), bilateral cerebellum, and right posterior parietal cortex, where we had strong a priori hypotheses, we used small volume corrections using peaks taken from a previous study: left primary motor cortex: sphere at Ϫ36, Ϫ24, 51 (20 mm radius); bilateral cerebellum: sphere at Ϯ33, Ϫ63, Ϫ30 (20 mm radius); right inferior parietal cortex: sphere at 57, Ϫ33, 30 (20 mm radius) (Schmitz et al., 2005) .
Results
Behavioral performance
The performance of the precision grip lifts in the fMRI scanner corresponded well with the original study by Johansson and Westling (1988) . When an unpredictable heavy weight was lifted after a light weight, the forces followed the trajectories of the preceding light trial until the predicted liftoff. Thereafter, the forces slowly continued to increase until the vertical lift force overcame gravity and the object started to move (Fig. 1) . As a consequence, this lift showed a smaller grip force rate, and the object started to move later; therefore, the duration of the loading phase was prolonged compared with heavy weight lifts that were preceded by the same weight ( p Ͻ 0.05) (Fig. 1) . When an unpredictable light weight was lifted after a heavy weight, the forces during the load phase followed the trajectories of the preceding heavier weight, resulting in an early lift off (Fig. 2) . Because of the reaction time of the triggered correction, this lift showed a pronounced overshoot in the grip force and the vertical position of the object (Fig. 2) . Therefore, the load phase duration was shorter and the maximum grip force rate was larger compared with trials performed with the light weight and that were preceded by the same weight ( p Ͻ 0.05). After this, the grip force increase and the upward movement were terminated, and the grip force slowly decayed.
Brain activity
Main effect of changing object: heavier and lighter than predicted First, we looked for areas that showed increases in activity associated with the unpredictable weight changes, irrespective of whether the object became lighter or heavier than predicted [(Change to lighter Ϫ No change light) ϩ (Change to heavier Ϫ No change heavy)]. Activation was found in the right supramarginal gyrus of the inferior parietal lobe (Fig. 3 , Table 1 ).
Lighter than predicted Next, we looked for areas that were active when the weight of the object was lighter than predicted. These lifts were associated with increased activity in the right cerebellar hemisphere compared with the lifts preceded by the same weight (Change to lighter Ϫ No change light; p Ͻ 0.05 corrected) (supplemental Fig. 2 and supplemental Table 2 , available at www. jneurosci.org as supplemental material). More importantly, the same section of the right cerebellum was active when we directly contrasted lifting trials when the object was lighter than predicted compared to when it was heavier than predicted ( p Ͻ 0.05 corrected) (Fig. 4, Table 2 ) [(Change to lighter Ϫ No change light) Ϫ (Change to heavier Ϫ No change heavy)]. Thus, the cerebellar activity was specifically related to the corrective response when the weight was unexpectedly light.
Heavier than predicted
Finally, we identified active areas associated with lifts when the object was heavier than predicted. The primary motor cortex (M1) and primary somatosensory cortex (S1) was active when the participants lifted the object that was heavier than predicted compared with a heavy weight lift that was preceded by the same weight (Change to heavier Ϫ No change heavy; p Ͻ 0.05 corrected) (supplemental Fig. 1 and supplemental Table 1 , available at www.jneurosci.org as supplemental material). Moreover, the same areas were active when we directly compared the lifts when the object was heavier than predicted with those when it was lighter than predicated [i.e., M1 and S1; peaks located in the left central sulcus, the left precentral gyrus, and the left postcentral gyrus; (Change to heavier Ϫ No change heavy) Ϫ (Change to lighter Ϫ No change light); p Ͻ 0.05 corrected] (Fig. 4, Table 2 ). Thus, the activity in M1 and S1 seemed to be specifically related to the force responses when the object was heavier than predicted.
Discussion
In this study, we can associate activity in the motor cortex, cerebellum, and inferior parietal cortex with different aspects of the sensorimotor control mechanisms of object manipulation. First, the right supramarginal gyrus was active after an unpredicted change of the object weight regardless of whether it was lighter or heavier than predicted. We suggest that this activity reflects the neural monitoring of a mismatch between the centrally predicted and the actual sensory input, and the associated neural processing related to the updating of the sensorimotor memories (see Introduction). Second, when the weight of the object suddenly increased, but not when it decreased, there was increased activity in the left (contralateral) primary motor and somatosensory (S1/ M1) cortices. We suggest that these areas are involved in the slow increase of the grip and vertical lift force that occur after the expected liftoff. Finally, the right (ipsilateral) cerebellum seems to be specifically active when the weight of an object is suddenly decreased. This area probably mediates the fast termination of the increase in fingertip forces that occur after the early liftoff.
A potential confounder in the present study relates to automatic changes in attention associated with the unpredictable sensorimotor events. We believe that it is unlikely that changes in attention can explain the activation of the supramarignal gyrus, because this area does not belong to the network of prefrontal, temporal, and other parietal areas that has been associated with attentional responses during unexpected changes in the sensory environment (Downar et al., 2000) . In addition, other parts of this attention network were not activated. Rather, this particular part of the inferior parietal cortex has been previously associated with various finger manipulation tasks in which attention has been reasonably matched (Binkofski et al., 1999; Ehrsson et al., 2000 Ehrsson et al., , 2001 KuhtzBuschbeck et al., 2001 ). It should be noted that the "corrective" activations of M1 and cerebellum, respectively, were detected as we made direct comparisons between the lifts when the weight was heavier or lighter than predicted. In both series, the events were equally unexpected, and thus the attentional factor should be the same.
Mismatch between predicted and actual weight and updating of sensorimotor memories
We found activity in the right supramarginal gyrus associated with weight changes in any direction (lighter or heavier than predicted). This is consistent with our previous fMRI experiment, in which we found right-sided supramarginal activation when the weight of the object was changed in an irregular manner compared with when the same weight was lifted in consecutive lifts (Schmitz et al., 2005) . Because a block design was used in the previous study, the present results obtained by an event-related design provide more compelling evidence that the supramarginal cortex is activated at the time point when the weight is actually changed. The updating of the sensorimotor memory representations of objects typically takes place on a single-trial basis during precision grip lifts (Gordon et al., 1993; Jenmalm and Johansson, 1997; Johansson and Westling, 1988) . The activity in the supramarginal gyrus may signal the discrepancy between the predicted and actual sensory information (Blakemore and Sirigu, 2003) , or the updating of the sensorimotor memories of the object's physical proprieties. Our data are consistent with both of these possibilities, and the supramarginal cortex has the physiological and anatomical properties to implement both monitoring a sensory mismatch and updating sensorimotor memories. It has been found to be activated in several tasks that involve manipulation, lifting, or pinching of objects (Binkofski et al., 1999; Ehrsson et al., 2000 . It is anatomically connected with motor areas including the ventral premotor cortex (Godschalk et al., 1984; Cavada and Goldman-Rakic, 1989; Neal et al., 1990; Ghosh and Gattera, 1995) , which is important for the control of precision grips and manipulation (Binkofski et al., 1999 ; Ehrsson et al., Areas activated when the weight of the object was unpredictably changed, regardless of whether it was lighter or heavier than predicted. We tested the main effect of change in object weight [(Change to heavier Ϫ No change heavy) ϩ (Change to lighter Ϫ No change light); p Ͻ 0.05 corrected]. Activity was found in the right supramarginal gyrus right (R. Supramarginal g.) of the posterior parietal lobe (right; p Ͻ 0.01 corrected) as shown on a coronal (left). The activations are superimposed on a mean image of the participants' structural scans. For illustrative purposes, we used p Ͻ 0.001 uncorrected and Ͼ5 voxels to threshold the statistical parametric maps. L, Left hemisphere; R, right hemisphere. The coordinate in standard space for the two slices is indicated. In the right panel, we plot the BOLD response in terms of the contrast estimates from the right supramarginal gyrus (R. SMG) for the two contrasts, (Change to heavier Ϫ No change heavy) and (Change to lighter Ϫ No change light). As can be seen, there is stronger activity during both types of lifts with unpredictable weight changes compared with the well programmed lifts. a.u., Arbitrary units.
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. It also receives input from the cerebellum (Clower et al., 2001) . Thus, the supramarginal gyrus might be a node that uses information about mismatches between predicated and actual feedback to update the sensorimotor memory representations of manipulated objects that are to be used in the programming of forthcoming manipulative tasks. This view is consistent with our previous findings that the posterior parietal cortex is important for the coordination of fingertip forces during manipulation (Ehrsson et al., 2003) . The fact that strong activation is often seen in the right (ipsilateral) inferior parietal cortex (Ehrsson et al., 2000 (Ehrsson et al., , 2003 , even when people use their right hand in manipulative tasks, may reflect a dominance of the right hemisphere for the processing of body-related somatosensory signals (Naito et al., 2005 ).
In our previous study (Schmitz et al., 2005) , we also found activity in the right inferior frontal cortex (area 44) in lifting series with predictable or unpredictable weight changes. This finding could not be confirmed in the present study. A major difference between the two studies is that the previous experiment used a block design averaging data during a 40 s timeframe, whereas the event-related technique used in the present study identified the BOLD response evoked by a single lift. Although one should be cautious when interpreting negative findings in neuroimaging, this may indicate that the inferior frontal cortex has a more sustained pattern of activity across the lifting series. However, the difference may also simply reflect the fact that the event-related design is less sensitive (efficient) than the block design.
Corrective responses and their neural correlates
The right ipsilateral cerebellum was only active when the weight of the object unexpectedly changed to a light weight (Fig. 4B , Table 2 ). Thus, the cerebellar activity may reflect the brisk termination of the fingertip force increase, which is triggered by tactile afferents in the fingertips and occurs ϳ100 ms after the premature liftoff (Westling and Johansson, 1987) . The cerebellum has inhibitory outputs to several different cortical and subcortical regions, including thalamocortical projections to the primary motor cortex (Zemanick et al., 1991; Kelly and Strick, 2003) , that could mediate the seen motor response. The thalamocortical projections to the motor cortex receive input from lobule VI of the cerebellum (Kelly and Strick, 2003) , which is the same region where the peak of the activity was located in the present study (i.e., lobule VI at the border zone between the medial and lateral cerebellum; x ϭ ϩ15). The cerebellum can also indirectly control both the lateral and the medial descending motor pathways via various nuclei in the brain stem. The finding that patients with cerebellar disorders use increased grip forces in various manipulative tasks (Nowak et al., 2002; Rost et al., 2005) is well in line with the interpretation of the present findings that the cerebellum exerts an inhibitory control on the force output during object manipulation.
An alternative interpretation is that the right cerebellar activity reflects the processing of unpredicted sensory input that triggers the brisk force termination, rather than the inhibitory motor response as such. When the object is lighter than expected, there is a premature lift of the object and the hand is quickly accelerated upward inducing a multitude of somatosensory signals of the rapidly moving limb (see overshoot in grip force and position signal in Fig. 2) . In contrast, when the object is heavier than expected, the actual triggering is the absence of a predicted sensory signal reporting liftoff. The cerebellar response could reflect a different type of sensory feedback and error signal that triggers these corrective responses. It is unlikely that the cerebellar activity reflected differences in total afferent sensory input or total motor output, because no activity was observed when we compared lifting the heavy and the light objects (No change heavy Ϫ No change light; p Ͼ 0.001 uncorrected). But regardless of whether the right cerebellar activation reflects the processing of the unpredicted sensory feedback, or the brisk termination of the force output that is triggered by this feedback, our results demonstrate that this region is involved in the corrective response when the object is lighter than predicted. The stronger activity in the hand sections of left (contralateral) M1 and S1 during the lifts when the object was unpredictably heavy, and the initially programmed lift failed to lift the object, corresponds well with the triggered force correction increasing the fingertip forces. The correction is characterized by a slow and pulsatile increase until the weight of the object is overcome. It is important to point out that the total force increase during the dynamic part of the lift and the force output during the subsequent static phase when the object is held in the air (Figs. 1, 2) were similar in both the erroneous and the adequate programmed trials for the heavy weight. Thus, the M1 activity in question reflects the corrective force increase during the unpredictable weight change and not the total force output. Slow movements of the fingers are characterized by 8 -10 Hz discontinuities (Vallbo and Wessberg, 1993; Wessberg and Vallbo, 1995) to which muscle spindles vigorously respond, and these discontinuities were also observed in this study (Fig. 1, grip force rate profile). In man, the S1 and M1 are activated by muscle spindle responses from the muscles of the contralateral hand (Naito et al., 1999 (Naito et al., , 2002 , and in monkeys, neurons in both M1 (Lemon et al., 1976; Fetz et al., 1980; Soso and Fetz, 1980; Lemon, 1981) and S1 (Iwamura et al., 1983 (Iwamura et al., , 1993 respond to muscle stretch. Thus, the activation of these areas could reflect increased sensory feedback arising from the pulsatile force increase, as well as the generation of the corrective force responses.
